† Background and Aims The persistence of plants inhabiting restricted alpine areas under climate change will depend upon many factors including levels of genetic variation in adaptive traits, population structure, and breeding system. † Methods Using microsatellite markers, the genetic structure of populations of a relatively common alpine grass, Poa hiemata, is examined across three altitudinal gradients within the restricted Australian alpine zone where this species has previously been shown to exhibit local adaptation across a narrow altitudinal gradient. † Key Results Genetic variation across six microsatellite markers revealed genetic structuring along altitudinal transects, and a reduction in genetic variation at high and low altitude extremes relative to sites central within transects. There was less genetic variation among transect sites compared with altitudinal gradients within transects, even though distances among transects were relatively larger. Central sites within transects were less differentiated than those at extremes. † Conclusions These patterns suggest higher rates of gene flow among sites at similar altitudes than along transects, a process that could assist altitudinal adaptation. Patterns of spatial autocorrelation and isolation by distance changed with altitude and may reflect altered patterns of dispersal via pollen and/or seed. There was evidence for selfing and clonality in neighbouring plants. Levels of gene flow along transects were insufficient to prevent adaptive changes in morphological traits, given previously measured levels of selection.
INTRODUCTION
Plants have the potential to respond to climate change through plastic changes, adaptation and/or migration; however, the ability of many species to track optimal environments under the current rate of climate change is largely unknown (Jump and Penuelas, 2005) . Adaptation and plastic responses are particularly important in plants occupying areas that are already geographically restricted such as alpine areas (Beniston, 2003) . There is some evidence for shifts in the distribution of species inhabiting alpine ecosystems in response to global warming (Korner, 1999; Pauli et al., 2007) . Re-visitation studies show an increase in vascular plant species richness on the summits of mountains, and mean (over 10-year periods) up-slope migration rates of 1 -4 m were estimated in alpinenival flora in the Alps (Korner, 1999) . Other studies have documented the upward encroachment of subalpine woodland species into alpine herbfields (Grabherr et al., 1994; Lloyd and Fastie, 2003) . This suggests that plants in alpine zones will need to adapt to changing climate conditions and competition with encroaching woodland species in order to persist.
Levels of gene flow between populations within mountainous regions appear to be highly variable. Restricted gene flow (N e m , 1) has been found between altitudinal populations of bromeliads (Alcantarea imperialis and A. geniculata; Barbara et al., 2007) whereas in pines (Pinus oocarpa) high rates of gene flow (N e m ¼ 227) have been found (Saenz-Romero and Tapia-Olivares, 2003) . High levels of gene flow might assist in adaptation through the spread of favourable alleles and promotion of high levels of genetic variation in marginal populations. However, high levels of gene flow in marginal populations can also limit adaptation because gene swamping prevents the maintenance of locally adapted individuals (Antonovics, 1976; Hoffmann and Parsons, 1991; Kirkpatrick and Barton, 1997) .
As alpine habitats are typically heterogenous at small spatial scales with respect to many ecological factors (Korner, 1999) , local patterns of genetic variation could be complex (Bennet, 1970; McGraw and Antonovics, 1983; Crawford and Abbott, 1994; Galen et al., 1997) . Indeed, several studies on mountain plants have found significant genetic differentiation and structuring between populations (e.g. Aradhya et al., 1993; Wen and Hsiao, 2001; Reisch et al., 2003a, b; Hirao and Kudo, 2004) . Diversity may change with altitude including higher levels of diversity within central (mid-altitude) compared with lower levels in peripheral (low and high altitude margins) populations (e.g. Isik and Kara, 1997; Saenz-Romero and Tapia-Olivares, 2003; Ohsawa et al., 2007) . If diversity levels are generally higher mid-altitude than at extremes, gene swamping might prevent adaptation in peripheral alpine populations where selection is likely to be most intense under climate change.
The ability of an organism to persist and/or migrate in response to varying conditions depends upon reproductive strategies as well as gene flow and genetic variation for traits under selection. Arctic and alpine tundra communities contain a large number of plant species that can reproduce clonally (Billings and Mooney, 1968; Bliss, 1971) . Clonality enhances individual longevity and maintains well-adapted genotypes; however, sexual reproduction allows evolution and adaptation to changing environmental conditions as well as the colonization of new areas (Jackson et al., 1985; Korner, 1999) . Mixed reproductive systems may be advantageous for plants in alpine environments that are variable (Korner, 1999) and clonality might be favoured at mid-altitudes where the colonization of new areas is less important than at margins.
In this paper, genetic diversity, structure and gene flow are assessed in a restricted alpine grass, Poa hiemata, across three replicated altitudinal transects. This species has been described in the literature as having the potential for a mixed reproductive system (Vickery, 1970) , but there is no direct evidence for different reproductive modes in the field. Although pollination and seed dispersal mechanisms have not been directly tested in Poa hiemata, this species is likely to be wind and insect pollinated (Inouye and Pyke, 1988; Friedman and Harder, 2004) with seeds dispersed by wind, rain and birds as is common for many alpine forbs and grasses (Chambers, 1995; Tackenberg and Stocklin, 2008) . Poa hiemata shows localized adaptation and differentiation in fitness-related traits across its altitudinal range (Byars et al., 2007) . Gene flow along transects might restrict adaptive differentiation, although it might be enhanced if there is gene flow across sites found at similar altitudes. The following questions are addressed. (a) To what extent are sites along an altitudinal gradient genetically separated from each other and from isolated populations of Poa hiemata? How large are genetic differences among altitudes when compared with differences among transects across slopes, and how do these patterns compare with local adaptation in Poa hiemata? (b) Do range margins have relatively lower levels of genetic variability compared with central populations? (c) What breeding system(s) (sexual/clonal) is/are present in field Poa hiemata? Does the presence of clonality increase at peripheral populations (i.e. potentially more stressful conditions) and/or in populations that are isolated? (d ) Is there directional gene flow? (e) Can gene flow constrain the development of adaptive differences between high and low altitude sites given previously observed levels of selection? Answers to these questions are linked to patterns of adaptive differentiation in Poa hiemata for quantitative traits.
MATERIALS AND METHODS

Species and sample collection
Species and sites. Poa hiemata (soft snow-grass) is widespread within alpine and subalpine zones of Australia above 1500 m, and is common on the Bogong High Plains (Alpine National Park) in North-eastern Victoria and also the Kosciuszko Alpine National Park in New South Wales (Vickery, 1970) . The Australian alpine zone is particularly restricted in terms of high-altitude retreat compared with other such areas around the world, as there are no areas above the alpine zone (Brereton et al., 1995; Hughes, 2003) . Plants flower only once per season, are bisexual and exhibit panicle inflorescences, hermaphrodite spikelets and vegetative growth through rhizomatous shoots (Vickery, 1970) . The genus of Poa is large with over 200 species in temperate-to-cold climates; 34 native Australian species are recognized (Vickery, 1970) .
The altitudinal sites used in this study are described in detail in Byars et al. (2007) and plotted in Fig. 1 0 E 36849 0 S, 1746 m). Sampling sites of P. hiemata along each of the transects represented continuously distributed populations; beyond both the high and low altitude extremes of the transects they became fragmented as range margins were approached. One environmental variable that has been previously quantified along the transects is temperature; averages from data loggers (at 100-m intervals) along each transect taken between November and April 2005/2006 indicated mean temperatures at the low altitude sites were consistently 18C (or more) higher compared with the cooler high altitude sites measured over the snow-free growing season (Byars et al., 2007) . Many other variables that were not quantified are likely to vary along such altitudinal transects including depth and duration of snow, wind regime, soil conditions and many others (Körner, 1999 Fig. 1 ).
Population sampling. Leaf tissue was collected from a minimum of 20 individual plants randomly sampled within 50-m 2 sample plots in December 2006. Three or four young leaves per plant were removed to 2-mL Eppendorf tubes and placed in a cooled cryogenic container in the field before transport, longer-term storage (at -808C) and DNA extraction. This was repeated every 100 m from high to low altitude sites along each of the 1-km-long altitudinal transects (New Country, Nelse Central and Cope; Fig. 1 ) giving a total of 11 sample sites (33 in total) or 220 individuals per transect (660 in total across all transects). Also 20 individuals each from the two isolated (Nelse Central isolated , New Country isolated ) and the two sites from other peaks (Fig. 1) were randomly sampled. Field sampling was also used to assess the density of P. hiemata ( per m 2 ) using 30 randomly assigned 1 m 2 quadrats within a 50-m 2 area at each site along all transects.
Genetic analysis
DNA extraction and microsatellite analysis. DNA was isolated from frozen plant material by a CTAB (cetyl trimethyl ammonium bromide) method (Rogers and Bendich, 1994) using approx. 20-30 mg (wet weight) of leaf material. After re-suspension in 50 mL TE buffer (10 mM Tris-HCl, pH 8 . 0; 1 mM EDTA, pH 8 . 0), the concentration was estimated spectrophotometrically (GeneQuant Pro) at 260 nm. An initial screen of potential candidate microsatellite loci was undertaken to identify markers with a high reproducibility. Three of the six microsatellite markers used in this study were assayed for the first time in Poa hiemata by cross-species amplification from the related species Poa alpina (Maurer et al., 2005) , two were obtained from a study in Lolium and Poa species (Kindiger, 2006) and one from Poa pratensis (Albertini et al., 2003) (Table 1) . As primers were not designed specifically for use in Poa hiemata, initial gradient polymerase chain reaction (PCR) analyses were performed on the Mastercycler w Gradient (ranging from 50-658C) from Eppendorf to determine optimal annealing temperatures and MgCl 2 concentrations. Optimization also helped remove the presence of non-specific binding in initial PCR reactions with these primers.
All populations were genotyped for six microsatellite loci in PCR reactions with 10-mL volumes containing 1 mL of genomic DNA (approx. 10-20 ng), 1 mL 10Â PCR amplification buffer (Bioline), 0 . 3 mL 50 mM MgCl 2 (1 . 5 mM optimal for all loci; Bioline), 0 . 4 mL 1 . 5 mM dNTPs (New England BioLabs), 0 . 5 mL 100Â purified bovine serum albumin (New England Biolabs), 0 . 1 mL of Immolase TM DNA polymerase (Bioline), 0 . 3 mL 10 mM forward primer endlabelled with [g-33 P]ATP ( prepared following the protocol in Sambrook et al., 1989) , 0 . 1 mL 10 mM unlabelled forward primer, 0 . 12 mL 10 mM reverse primer and 6 . 18 mL Milli-Q H 2 O. PCR cycling conditions were the same for all loci (except for annealing temperature), with initial denaturation at 958C (7 min), followed by 30 cycles of 958C (45 s), primer annealing (48 -608C; see Table 1 ) (45 s), and extension at 728C (60 s) with a final extension step of 728C for 8 min. To test the reproducibility of allelic profiles and minimize errors associated with PCR and scoring of alleles, 30 individuals were chosen at random and re-amplified at all six microsatellite loci and scored as above. Re-amplified samples matched the original genotypes obtained for all loci. Amplified fragments were separated through a 5% denaturing polyacrylamide gel [ per gel, 216 g urea (8M final concentration), 57 mL 40% acrylamide (19 : 1 ratio of acrylamide to bisacrylamide, Bio-Rad w ), 45 mL 10Â TBE, 177 mL Milli-Q H 2 0; gel size, 32 Â 39 cm] at 65 W for 2 -4 h and exposed for 24-72 h (depending on levels of radioactivity) to autoradiography film (Fuji medical imaging film). Alleles were also sized with a lgt11 ladder (fmol DNA Cycle Sequencing System, Promega). Approximately ten samples were repeated from one gel run to the next (co-loaded as an allelic ladder) to allow another standardization of allele size. 
Statistical analysis
Genetic variation. To estimate overall genetic variation, the following measures of genetic diversity were calculated per site and transect using FSTAT version 2 . 9 . 3 (Goudet, 1999) after adjusting repeating identical multilocus genotypes (IMGs) (see section below for calculation) to one sample: allelic richness (A, mean number of alleles per locus based on the minimal sample size), observed heterozygosity (H O ) and expected heterozygosity (H E ) for each locus and site.
Departures from Hardy -Weinberg (HW) equilibrium were tested by Fisher's exact tests (GENEPOP version 3 . 4; Raymond and Rousset, 1995) . The presence of linkage disequilibrium was tested for all pairs of markers within each site using the log-likelihood ratio G statistic (with 3300 permutations) implemented in FSTAT. All tests involving multiple comparisons were corrected at the table-wide a ¼ 0 . 05 level with the Dunn -Š idák method (Sokal and Rohlf, 1995) .
Spatial analyses. Mantel tests were performed to investigate the correlation between matrices of genetic and geographic (estimated from GPS co-ordinates in ArcView TM , ESRI w ) distances with two methods. First, the correlation was computed at the site level whereby genetic similarity based on the overall fixation indices (F ST )/(1 -F ST ) calculated between sites within and across transects (dependent variable) was compared with matrices of logarithmically transformed geographic distances (independent variable) in FSTAT. The significance of inter-site relationships was evaluated with 2000 randomizations in each case. Secondly, the correlation was computed at the individual level, comparing tri-matrices of genetic and geographic distances between samples along transects using Mantel tests in GenAlEx version 6 (Peakall and Smouse, 2006) . Both tests were performed with and without repeated cases of clonality to determine clone influence on spatial genetic structure. Genotypic data from sites within transects were also analysed using spatial autocorrelation analyses in GenAlEx. The autocorrelation coefficient (r) provides a measure of genetic similarity between pairs of individuals whose geographic separation falls within the specified distance class. A distance class of 30 m for all analyses was chose to ensure that the first distance class contained only withinterritory comparisons. Tests for significance were also performed using random permutation and bootstrap estimates of r, with the number of iterations set to 1000 for each.
Population structure and differentiation. The fixation index (F ST ; Weir and Cockerham, 1984) was estimated among pairs of altitudinal sites within transects and between isolated sites to those within transects relating to the same mountain using FSTAT. The statistical significance of F ST estimates was tested by 1000 random permutations of individuals across sites with GENETIX version 4 . 03 (Belkhir et al., 2004) . Estimates per transect were also obtained. To partition the genetic variance among transects, among sites within transects, and within sites, an analysis of molecular variance (AMOVA, Excoffier et al., 1992) was conducted in ARLEQUIN (Schneider et al., 2000) . Because most of the differentiation was between the altitudinal extremes of each transect, each high and low altitude site from each transect was also compared in an AMOVA. As R ST estimates gave very similar results to F ST estimates in terms of the magnitude of differences between sites and transects, only the latter are presented. The geographical and altitudinal distribution of genetic variability was further investigated using factorial correspondence analysis as implemented in GENETIX, and the first two underlying factors that explained the majority of the variation within the multilocus genotypes were plotted. For comparison, the Bayesian clustering method implemented in STRUCTURE we run (Pritchard et al., 2000) that clusters individuals using Markov chain Monte Carlo (MCMC) methods. For determining the most appropriate number of clusters (K), the admixture model was applied with ten runs for each K value from 1 to 15, each run comprising a burn-in period of 30 000 iterations followed by 100 000 iterations. (Slatkin, 1985) and the MCMC-based maximum likelihood method (N e m Beerli ) Felsenstein, 1999, 2001 ) as implemented in the programs GENEPOP and MIGRATE, respectively. Effective population size was also calculated as a function of the mutation rate (Q ¼ 4N e m) in MIGRATE. These were then converted to N e , assuming a mutation rate of 10 -4 per locus per generation found in other related species in the family Poaceae (Thuillet et al., 2002; Vigouroux et al., 2002) . For simulations in MIGRATE, ten short and three long chains were run, with short sampling increments of 20 for each. The number of discarded trees per chain ('burn-in') was set to 10000. Metropolis-coupled MCMC ('MCMCMC') or 'heating' was applied for auxiliary searches with more permissive acceptance criteria, to act as 'scouts' for the main analysis (Kuhner, 2006) . The search was run with four chains at different temperatures (1 . 0, 1 . 2, 1 . 5, and 3 . 0) with an adaptive heating scheme that manipulated these temperatures according to their swapping success.
To test if adaptive divergence between high and low altitude sites (separately within each transect) might be constrained by levels of gene flow, a quantitative model from eqn 7 in Hendry et al. (2001) was applied:
, where D* ms is the mean trait value after mixing and selection. Parameter definitions (D u , G, P, v -in the simulations v was substituted for b avggrad , which is the selection gradient acting on the trait) are described in detail in Hendry et al. (2001) and were estimated from Byars et al. (2007) . The rate of migration (m) was obtained directly from MIGRATE and Slatkin's rare allele method by dividing N e m by estimates of N e (Waples, 1991 , in Hendry et al., 2001 ). The equilibrium difference in adaptive trait value between high and low populations was estimated when mixing occurs before selection (more appropriate for sessile organisms) and hence the degree to which adaptive divergence might be constrained by gene flow.
Comparing altitudes. To examine potential changes in population genetic parameters [A, H E , clonality, ŝ(ML), F IS , N e ] and plant density with altitude, ANOVAs on the dataset combined across transects were undertaken, and terms for the transects included as well as linear or polynomial terms for altitudinal position within transects. By using altitudinal position within transects (rather than altitude itself ), differences were controlled between transects with respect to the altitudes at which plants were sampled. This allowed the relative importance to be examined of how position (centre versus range margins) within transects affects genetic parameters. Alternatively, how transects differed for these estimates by using altitude as a covariate was also examined. Post hoc Tukey b tests were undertaken to examine which sites differed significantly for genetic diversity estimates. All analyses were carried out with SPSS for Windows version 14
Clonality and selfing estimates. To test for the presence of clonality, banding patterns were examined to assess the number of different and identical multilocus genotypes in each site with GENCLONE 1 . 0 (Arnaud-Haond and Belkhir, 2007) . The proportion of IMGs was calculated as G/N, where G is the number of identical genotypes and N is the number of samples per site. When the same genotype was detected more than once in a sample site, the probability (P sex ) that the samples actually originated from distinct reproductive events (i.e. from separate genets) was estimated from the binomial expression (Tibayrenc et al., 1990; Parks and Werth, 1993) . The clonal sub-range (i.e. the maximum distance in metres between two identical genotypes belonging to the same clone) (Harada et al., 1997; Alberto et al., 2005) was estimated for each site. All estimates of clonality and probabilities were calculated with GENCLONE 1 . 0. For most of the other tests described, an adjusted data set was used with repeating IMGs reduced to a single representative.
To obtain estimates of selfing, a method based on maximum likelihood of the whole distribution [ŝ(ML)] was applied (David et al., 2007) , which potentially avoids bias in the presence of incorrectly scoring microsatellites due to null alleles or short-allele dominance that may occur when estimates of selfing are based on inbreeding coefficients (F IS ) (Zouros and Foltz, 1984; Bonin et al., 2004; Pompanon et al., 2005; David et al., 2007) . However, inbreeding coefficients (F IS ; Weir and Cockerham, 1984) were also calculated due to their wide use in (and for comparison to) previous studies. Both estimates were calculated per site (20 individuals) to assess variability and per transect (220 individuals) for more accurate estimates of inbreeding.
RESULTS
Genetic variation
A total of 99 alleles at six microsatellite loci was detected across 740 individuals at all sites. Mean number of alleles across all loci (mean, 16 . 5; range, 7 -37) demonstrated a high level of polymorphism. Allelic richness (A) and both expected and observed heterozygosities (H E , H O ) were variable across sites within transects (A, 4 . 5-8 . 3; H O , 0 . 45-0 . 89; H E , 0 . 515-0 . 769; see Appendix) but were similar in the different transects (Nelse Central, etc) . H E estimates for the isolated sites (Nelse Central isolated , New Country isolated ) were at the lower end of the range compared with values at other sites (Appendix).
Significant departures from HW equilibrium across loci (reflecting heterozygote deficiency) were detected in 10 of 37 (or 27 . 03%) sites after corrections for multiple comparisons. Of the 222 locus per site tests for HW equilibrium, 55 (or 24 . 77%) were significant after corrections for multiple comparisons including eight at locus CA1D4, 19 at locus CA1F4, nine at M16-B, two at AE5 and 17 at GAC1. As no locus displayed consistent departures from HW equilibrium across all sites, it is likely that these instances reflect occasional departures from random mating rather than the presence of null alleles. No consistent linkage disequilibrium was found between any loci across sites, with only nine out of 555 pair-wise tests (across all sampled sites) significant after correction for multiple comparisons.
Altitudinal variation
When data were examined across transects in an ANCOVA with mountain as a fixed factor, highly significant differences were found between altitudinal position and both allelic richness (A, F 1,33 ¼ 8 . 72, P ¼ 0 . 006) and expected heterozygosity (H E , F 1,33 ¼ 15 . 16, P , 0 . 001) when a polynomial expression was used. The linear expression was also significant for both, but less so (A, F 1,33 ¼ 4 . 64, P ¼ 0 . 040; H E , F 1,33 ¼ 9 . 93, P ¼ 0 . 004). Plants central within transects tended to have higher diversity when compared with plants found at range margins, and plants at high altitude sites tended to have relatively lower diversity overall ( Fig. 2A, B) . When altitude was used as the covariate, differences in the intercept of the altitudinal relationships were present for A (F 1,33 ¼ 8 . 66, P ¼ 0 . 007) and H E (F 1,33 ¼ 31 . 36, P , 0 . 001; Fig. 2C, D) . No significant relationships were found between estimates of clonality, inbreeding, effective population size or plant density with altitudinal position within transects.
There was a significant difference between transects for clonality (F 2,33 ¼ 3 . 87, P ¼ 0 . 033) and inbreeding (F IS , F 2,33 ¼ 20 . 59, P , 0 . 001). This reflected slightly higher levels of clonality and negative inbreeding coefficients at lower altitudes at Cope transect compared with lower yet positive values, respectively, at Nelse Central transect (Appendix). For inbreeding (F IS ) and clonality there was also a difference in the slope of the altitudinal relationships as reflected by a significant interaction between altitude and transect (clonality, F 2,33 ¼ 4 . 01, P ¼ 0 . 030; F IS , F 2,33 ¼ 20 . 47, P , 0 . 001).
Spatial analyses
Mantel tests for correlation between genetic and geographic distances were significant between sites (New Country, r 2 ¼ 0 . 664, P , 0 . 001; Nelse Central, r 2 ¼ 0 . 559, P , 0 . 001; Cope, r 2 ¼ 0. 589, P , 0 . 001) and individuals (New Country, r 2 ¼ 0 . 124, P , 0 . 001; Nelse Central, r 2 ¼ 0 . 139, P , 0 . 001; Cope, r 2 ¼ 0 . 104, P¼ , 0 . 001) suggesting an isolation by distance effect across all transects. These values remained significant when these tests were run with repeated clonal replicates removed.
Spatial autocorrelation analyses (with repeated clonal replicates removed) of each transect revealed significantly positive r-values ranging from 30 m to 120 m distance classes for both New Country and Nelse Central transects and from 30 m to 210 m distance classes for Cope transect (Fig. 3) . 
Genetic structure
Highly significant levels of pair-wise differentiation (F ST ) were found between sites 1 km apart down to sites only 100 m apart (Table 2 ) within all transects. Local differentiation was most apparent at Cope transect where all 100 m pair-wise values were significant. Highest differentiation occurred at sites near margins of transects compared to those centrally situated (Table 2 ) and this became obvious when all pair-wise values were averaged for each particular site within transects and compared against altitudes (Fig. 4) .
Comparisons between each of the two isolated populations and altitudinal sites within transects from the same mountain revealed F ST values ranging between 0 . 016 and 0 . 138 for Nelse Central isolated (P , 0 . 01 for 6 of 11 comparisons) and F ST values between 0 . 006 and 0 . 103 for New Country isolated (P , 0 . 01 for 5 of 11 comparisons), indicating moderate genetic differentiation. Consistent with this pattern of altitudinal genetic differentiation, the spatial analyses in GENETIX and STRUCTURE both showed clear graphical separation between high-and low-altitude sites within transects, and less clear separation between sites located centrally within transects (results not shown).
The results of the AMOVA analysis with data from all sites within transects (Table 3A) showed highly significant differentiation at all levels tested (all P-values , 0 . 001). There was significant variation among sites within transects (4 . 45%) and less (yet significant) variation among transects (1 . 73%), with the remaining variation attributable to the within-site component. When only sites at range margins at each transect were considered, the amount of variation among transects became very small and non-significant and the value among sites within transects increased noticeably (13 . 63%) (Table 3B) .
Migration versus adaptive divergence
Estimates of number of migrants from both methods (N e m Slatkin , N e m Beerli ) showed similar changes in magnitude when sites within transects and between transects were compared. Generally higher levels were found between transects (N e m Slatkin 5 . 01-9 . 41; N e m Beerli 3 . 10-7 . 41) than between altitudes within transects (N e m Slatkin 0 . 005-2 . 57; N e m Beerli 0 . 72 -3 . 57) (Fig. 5) . Estimates of gene flow between sites at transect margins (high, low) were often smaller than values to and from central sites, suggesting less-restricted gene flow centrally within transects, although these values were also small (Fig. 5) . The majority of migration estimates between altitudes (17/27 based on N e m Slatkin ; Table 2 ) were greater than 1. Estimates of N e (calculated from Q) were similar across altitudes (apart from NCSH) and when averaged per transect (NCS, 1855; MNC, 1458; MC, 1804; Appendix) . By combining estimated rates of gene flow (m) from this study with selection coefficients from Byars et al. (2007) into the quantitative model in Hendry et al. (2001) , a clear shift in trait values was found after a generation of mixing and selection at high and low altitudes (leaf length, D* ms ranging 0 . 94-2 . 49 cm; plant circumference, D* ms ranging 1 . 28 -2 . 13 cm across all transects).
Clonality and selfing
The frequency of IMGs (also referred to as clones) ranged from 0% to 40% when sites were compared within transects and was high at the two isolated sites (Nelse Central isolated , 40%; New Country isolated , 25%), but clones were absent at Bogong or Feathertop sample sites (Appendix). The chances of obtaining the same multi-locus genotype by sexual recombination were considered small (all P , 0 . 01). The same clones were never found at different sample sites along transects. Instead, distances between the same clones were small and varied from 4 m to 10 m within the 50-m 2 sample plots. The majority (34/37 sample sites) of selfing ŝ(ML) estimates were small and non-significant (Appendix). Estimates per transect were low [ŝ(ML) -New Country, 0 . 039; Nelse Central, 0 . 018; Cope, 0 . 066] yet significant at Cope transect (P , 0 . 01). Estimates of F IS suggested a higher incidence of inbreeding, with significance found at 10 of 37 sites (Appendix). F IS estimates per transect (New Country, 0 . 159; Nelse Central, 0 . 199; Cope, 0 . 119) were all significant (all P-values , 0 . 01). Reducing cases of clonality to a single representative had little effect on size or significance of inbreeding estimates.
DISCUSSION
Genetic variability
Estimates of genetic diversity based on microsatellites between sample sites were generally high in Poa hiemata, and similar to levels found in other studies using various molecular markers on plants from mountainous regions (e.g. Sun and Salomon, 2003; Woodhead et al., 2005; Heuertz et al., 2006; Barbara et al., 2007; Ohsawa et al., 2007; Schneller and Liebst, 2007) . RAPD markers indicated a lower level of diversity (H O ranging from 0 . 133 to 0 . 199) for a closely related species, Poa fawcettiae, that shares the same habitat as P. hiemata (James et al., 1997) . This could reflect differences in resolution of molecular marker systems and/or life history differences between these species. In sites that were isolated from the larger more continuous sites of P. hiemata, higher estimates of clonality and lower diversity levels were obtained, suggesting the presence of potentially negative effects of colonization and fragmentation on diversity in these isolated sites.
Patterns of genetic variation in P. hiemata were associated with altitudinal positioning in the three transects. Higher genetic diversity was found at mid-altitudes or at sites central within transects compared with lower levels in peripheral (high and low altitudes) sites. Similar patterns of diversity with altitude have been found in other studies on alpine plants along altitudinal gradients (e.g. Young et al., 1993; Schaal and Leverich, 1996; Isik and Kara, 1997; Lammi et al., 1999; Jump et al., 2003; Saenz-Romero and Tapia-Olivares, 2003) and may occur through loss of diversity in peripheral populations as they are more geographically isolated from the central part of the range (Brown, 1984) , due to reduced gene flow and genetic drift (Kapralov, 2004; Ohsawa et al., 2007) . Alternatively, loss of diversity may occur through natural selection if loci are linked to markers under selection (Amos and Harwood, 1998) , although this would only be expected to influence some microsatellite markers. In the recent study by Byars et al. (2007) on the quantitative genetic variation in Poa hiemata along these same altitudinal gradients, local adaptation to high and low altitude was detected leading to differentiation in fitness-related traits.
Reproductive strategies
Findings from this study support the mixed mating system previously inferred (Vickery, 1970) for P. hiemata. This type of mating system may be typical of alpine grasses in the Australian Alps as it was also suggested possible for P. fawcettiae based on a molecular (RAPD) marker study (James et al., 1997) . Evidence consistent with a predominantly outcrossing mating system in P. hiemata includes the fact that most genetic diversity was found within sites (93 . 82% of the total genetic variance), and expected heterozygosity was high, typical of diploid outcrossers (Loveless and Hamrick, 1984) . Estimates of genetic differentiation (global F ST range 0 . 030 -0 . 061) and gene flow (N e m was generally .1) fell within the range of values expected in outcrossing plants or plants with mixed mating systems as described in the literature (Morjan and Rieseberg, 2004) . Most of the sites studied here were also in HW equilibrium. Evidence for alternative strategies of reproduction comes from the presence of relatively low levels of inbreeding yet clonal replication at some of the sample sites.
The clonality found in the present study matches with the general finding that a high proportion of alpine plant species may have the potential for clonal replication (Stocklin and Baumler, 1996; Klimes et al., 1997) . The distance between clones in P. hiemata was never greater than 10 m and clones were never found across sampled sites, suggesting clonal patches are restricted and their occurrence fairly sporadic. Most estimates of inbreeding were relatively low, yet significant values were found with both methods applied even when clonal replicates were removed, suggesting occasional mating between relatives. Shifts in reproductive strategies with altitude have been documented in some alpine forbs (Young et al., 2002) and other plants inhabiting alpine areas (Douglas, 1981; Bauert, 1996) ; however, there was no consistent (across transects) association of clonality or inbreeding with altitude in the present study. Differences in reproductive strategies may be related to other conditions apart from altitude or position within a continuous population. More reliable estimates of selfing could help elucidate this (i.e. progeny arrays; Ritland and Jain, 1981) .
Genetic structure and differentiation
The microsatellite data indicate significant genetic differentiation (F ST ) between altitudinal sites of P. hiemata, in the three transects. Similar levels of differentiation have been found between altitudes in other studies (e.g. Murawski and Hamrick, 1990; Hirao and Kudo, 2004) . Levels of pair-wise differentiation were higher in sites at range margins compared with sites central within transects, suggesting limited gene flow across different altitudes. Consistent with this result, Ohsawa et al. (2007) found higher levels of differentiation among peripheral populations of Quercus crispula and Gapare et al. (2005) found high gene flow among core populations of Picea stichensis and lower values among peripheral populations along altitudinal gradients.
Genetic differences in P. hiemata among sites may have developed through limited gene flow. Some other studies have found that isolation-by-distance can occur over short distances in alpine plants. For instance, Hirao and Kudo (2004) found significant correlation between geographic and genetic distance in an alpine plant across a snowmelt gradient ,1 km long. Most seeds of arctic-alpine plants (including those of P. hiemata) lack wings and this is likely to limit dispersal. In an analysis of the arctic-alpine flora of Fennoscandia, 70% of a total of 251 species were classified as having no adaptations to long-distance dispersal, 23% as wind-dispersed, and 2% as animal-dispersed (Dahl, 1963) . However, long-distance dispersal in plants appears to be possible and even common (Alsos et al., 2007) in some alpine regions. Significant isolation-by-distance and spatial autocorrelations suggest limited long-distance dispersal capabilities of P. hiemata; however, migration was at levels (N e m . 1 in the majority of cases) considered sufficient to prevent divergence resulting from genetic drift (Wright, 1931; Slatkin, 1987) and both plant density and effective population size estimates were similar across altitudes. This suggests that limited geographic gene flow and differences in population size are not the only mechanisms responsible for genetic structuring in P. hiemata. Using a quantitative genetic model, it was found that rates of altitudinal gene flow estimated in this study were likely to be insufficient to counter the strong selection detected on high and low altitude phenotypes of P. hiemata (leading to adaptive genetic divergence) in a recent study (Byars et al., 2007) .
In the AMOVA analysis, there was more variation between altitudinal sites within transects than among transects (4 . 4% versus 1 . 7%, respectively), and when only the high and low altitudes were compared in an AMOVA these differences became strikingly different (13% vs. 0%, respectively). This reflects larger genetic structuring between high and low altitudes than between transects, even though the distances between transects were larger. This pattern suggests higher gene flow among high (and/or low) altitude sites from different transects than along transects (Fig. 5) . This type of pattern in alpine plants has been found in some other studies: Schneller and Liebst (2007) found more variation between altitudes within regions than between sample regions in the fern Athyrium filix-femina. Isolated sites displayed some separation and differentiation based on clustering and pair-wise F ST tests, although not as large as some values between sites within transects. In some cases, fragmentation may not completely eliminate gene flow (Gunter et al., 2000) and the same could be true in P. hiemata.
One reason why gene flow might be high across sites at similar altitudes is that there could be phenological separation along altitudinal gradients. Alpine plants often exhibit differences in the timing of flowering depending on altitude (Levesque et al., 1997; Korner, 1999; Ohsawa et al., 2007) . The timing of reproduction with altitude has not been investigated in Poa hiemata, although there are substantial differences in growth form between plants at different ends of the gradient we examined. Prevailing winds on the Bogong High Plains are in a north-westerly direction (Williams, 1987) and could contribute to horizontal pollen transfer at least in one direction across the east-facing altitudinal transects. In addition, insect pollinators that track flowering with altitude may allow more opportunities for horizontal (compared with altitudinal) gene flow.
Significance for adaptive responses
The microsatellite data indicate that Poa hiemata exhibits a mixed reproductive system with genetic structuring of neutral variation across altitudes that suggests restricted gene flow in the recent past. Low gene flow can increase the potential for adaptive differentiation to variable altitudinal conditions, and a previous quantitative field study in populations of P. hiemata along these same altitudinal gradients indicated localized adaptation in peripheral populations (Byars et al., 2007) . Further adaptive differentiation may occur in response to climate change, although, as populations become increasingly isolated and fragmented, adaptation might be limited because favoured mutations are not exchanged between populations. Also, gene flow from populations central within current distributions could limit adaptation in peripheral populations (Kirkpatrick and Barton, 1997) , particularly as different traits are selected along altitudinal gradients.
However, patterns of gene flow found in this study are likely to enhance rates of adaptation to altitudinal gradients. Because gene flow across different sites at a similar altitude appears to be high, alleles favoured at high or low altitudes will be able to spread to sites where they have a high fitness. In a previous study on altitudinal adaptation, grasses had a high fitness at a similar altitude from where they originated, regardless of the transect where they were planted (Byars et al., 2007) . Thus alleles from one high (or low) altitude site would be favoured if they were moved to another site at a similar altitude. 
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